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Abstract

Chronoamperometric data obtained from doped poly(paraphenylene) -modified

electrodes (electroformed from biphenyl) are predicted using a migration-

diffusion transport model. The experimental response to a double potential step

is dependent on the nature of the supporting electrolyte which is present during

polymer electrodeposition.
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~Introduction

Modeling studies concerning charge transport through organically conductive

polymer systems have focussed principally on poly(acetylene) (PA) and

poly(pyrrole) (PP) 11-3], with charge transport presumed to occur via polarons,

bipolarons, or charged solitons, depending on the system. Apart from theoretical

studies on organic conducting polymers, a significant amount of theoretical work

has been done in efforts to explain transport phenomena in electrodes modified

with inorganic conducting systems such as poly(vinylferrocene) (PVC) and other

transition metal-containing polymers [4]. To date these theoretical models

have been for the most part quantum mechanical in nature, with transport presumed

to occur via an electron hopping mechanism. I

Recently workers in the inorganic conducting polymer field have taken

diffusion [8-12] and migration [13, 14] of electrolyte material within the

polymer matrix into account, and so have begun to treat the problem of transport

through polymer films in a more macroscopic fashion. However, a completely

macrohomogeneous approach (which includes migrational contributions) to the study

of charge transport in conductive polymer systems has to date been realized I'

only a few workers [15-17]. This modelling scheme, originally developed to

describe charge transport processes in porous battery materials [18-22], has b,

extended to describe the transient current response of electrodes modified with

poly(Rull[bipy]2[4-vpy] 2)+PF6 " [16]. A theoretical formalism was developed :I

ref. [17] in an effort to describe the transient current behavior of .,1

organically conducting polymer such as poly(paraphenylene) (PPP). .

theoretical development includes diffusional and migrational contributions to ,e

mass transport within the model polymer film [18-22], and predicts the exis:, ce
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of an overpotential gradient across the width of the model film. In this paper

we have undertaken an experimental study of the transport properties of PPP, and

will show that the model described in [17] adequately describes the transient

current response of an electrode modified with doped PPP.

Exoerimental Section

CHEMICALS AND REAGENTS

Supporting electrolytes were obtained from various sources.

Tetramethylammonium tetrafluoroborate (TMAF), tetraoctylammonium perchlorate

(TOAP), tetrapropylammonium perchlorate (TRAP), and tetraethylammonium

perchlorate (TEAP) were obtained from Fluka; tetraethylammonium tetrafluoroborate

(TEAF) was obtained from Aldrich; lithium tetrafluoroborate was from Alfa;

lithium perchlorate was obtained from Smith Chemical, and lithium

hexafluoroarsenate came from USS Agrichemicals. Tetrabutylammonium

tetrafluoroborate (TBAF) was prepared as previously described [23). All

supporting electrolytes (with the exception of LiAsF6 , which was "electrochemical

grade" and used as received) were recrystallized twice and stored in a vacuum

oven at 750 C at least 24 h before use.

Acetonitrile (Baker Chemicals) was HPLC grade (0.001% nominal water conteiit)

and was stored over alumina (Woelm Supergrade). All solutions were degassed with

dry helium immediately prior to experimentation.

The electrolyte for the silver wire reference electrode was 0.01M sil'.,r

nitrate with 0.10 11 supporting electrolyte in acetonitrile. All potentials aile

reported vs. the Ag/Ag+ reference.
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ELECTROCHEMISTRY

Electrode potential was controlled via a three electrode potentiostat and

waveform generator (JAS Instrument Systems, Inc.). The electrochemical cell

contained a 7 mm diameter platinum mirror disk working electrode and a planar

platinum foil auxiliary electrode situated opposite the Pt mirror disk. A Luggin

reference probe was placed about 1 mm from the working electrode surface.

Voltammetric data were recorded on a plotter (Hewlett-Packard 7015B) while

chronoamperograms were stored on a digital oscilloscope (Tektronix 5223).

Desired signal averaging was computer controlled (IBM PC/AT) as previously

described [24).

Electrochemical deposition of poly(paraphenylene) onto the working electrode

surface was accomplished by the anodic polymtrization of biphenyl (5 mM in 10 mM

supporting electrolyte in acetonitrile) while sweeping the potential from 0 to

+2.2 V (vs. Ag/Ag+ ) at a desired sweep rate [25]. By careful monitoring of the

sweep rate it was possible to control the polymer thickness precisely. PPP films

varied in thickness from about 0.2 to 2.0 pm, as computed via the method of

Peerce and Bard (26]. When cast electrochemically in this manner, the PPP films

were "doped" with supporting electrolyte; the degree of doping varied from one

electrolyte to another. Computed concentration of stored charge (a measure of

the degree of electrolyte doping) in I pm thick films varied from 1.4x10 -1 0 moles

for LiCIO4/PPP films to 2.6x0 "8 moles for TOAP/PPP polymers. The films w,-re

rinsed with dry acetonitrile, and were characterized by cyclic voltammetry t. 7

and by chronoamperometry [4, 25) in a solution which contained only the ' me

supporting electrolyte (0.lO in CH3CN) as was present in the electrodeposition

experiment.
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Results and Discussion

Poly(Daraghenylene) Modified Electrodes

ION STUDIES

The observed deposition currents for films formed in the presence of various

supporting electrolytes are shown in Figure 1. Irreversible anodic oxidation of

biphenyl results in electrodepositioa of doped poly(paraphenylene), and the

degree of doping varies depending on the nature of the supporting electrolyte.

Polymer film thicknesses were estimated using the method of Peerce and Bard [26]:

QMr
I- -

FpA

where I is the thickness of the polymer layer, Q is the quantity of charge passed

during electrodeposition, Mr is the molecular weight of the biphenyl repeating

unit, F is the Faraday constant, A is the electrode surface area, and p is the

density of the polymer film (approximately 1 g/cm3). A mean film thickness of

approximately 1 pm was calculated for poly(paraphenylene) deposited at a sweep

rate of 25 mV/s.

It is evident from Figure l(c) that the nature of the supporting electroly;te

anion present during electrodeposition has an effect on the behavior of tie

poly(paraphenylene) film. Differences in supporting electrolyte cations,

however, have a smaller effect on the deposition current (Figure l(a, b)).

The characteristic voltammetry of the doped PPP films under oxidative

conditions is shown in Figure 2. In all cases the conducting polymer is iii a

"neutral" state at 0 V and is "switched on" to an oxidized state at +IV "'fhe

voltammetry is reproducible for at least 50 scans. However, the degree of
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oxidation (as measured by the peak current on the positive sweep) varies markedly

depending on the identity of the dopant anion (Figure 2(c)) as well as cation

(Figure 2(a, b)). The effect of the nature of the supporting electrolyte anion

has been observed previously in other conductive polymer systems [28, 29]. It is

interesting that the size of the supporting electrolyte cation (present during

polymer deposition) has such a substantial influence on the film voltammetry

under oxidative conditions. These results suggest that the supporting

electrolyte cation co-deposits into the polymer matrix along with the anion (but

not in 1:1 stoichiometry), and this affects the film transport properties.

The voltammetric results demonstrate that tetrafluoroborate/PPP and

hexafluoroarsenate/PPP films (Figure 2(a, c)) are quite capacitative [301, while

perchlorate/PPP films show little or no capacitative current (Figure 2(b, c)).

Increasing the size of the supporting electrolyte cation from lithium to

tetraoctylammonium changes the polymer from primarily an insulating state (for

example, LiClO4/PPP and TEAP/PPP polymers) to a highly conducting, oxidized state

(e.g., TOAP/PPP). Table 1 lists the calculated number of moles of stored charge

(a measure of the degree of doping) in each of the nine doped films studied.

It is also interesting to note the cation size effect which manifests itsIt

in the perchlorate/PPP films. Co-deposition of a large tetraocrylammonium ca-.,,1

into the polymer matrix apparently causes substantial differences in

morphology compared with, say, a tetraethylanmonium cation, which is much s ..-

in size. Although the amount of polymer deposited is the same in both cas-,

determined from the number of moles of reacted biphenyl d. :.

electrodeposition), the amount of stored charge within the two film tvp,.,

quite disparate. This was confirmed by an experiment wherein a pot,.:,

difference of 750 mV between TOAP/PPP and TEAP/PPP modified electrod,. .
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measured in an electrolyte solution (0.10 K TBAF in CH3CN). Similar results were

obtained for TOAP/PPP films vs. LiClO4/PPP polymers, where potential differences

of greater than a volt were measured in an electrolyte solution. These

observations also demonstrate the possible utility of these p-doped PPP films in

battery applications [3, 25, 31-35].

We offer the following suggestions regarding the polymer film morphologies

based on the electrochemical data. TOAP/PPP polymers, because of the large co-

deposited cation, are swelled compared with TEAP/PPP matrices. This causes a

greater degree of porosity in the TOAP-doped films with respect to TEAP-doped

PPP. Hence, ion transport by diffusion and migration through the film is

enhanced in TOAP/PPP polymers compared with TEAP/PPP films. This is indicated by

the greater currents measured in TOAP/PPP vs. TEAP/PPP films (Figure 2(b)).

Similar porosity effects have been reported previously for polypyrrole modified

electrodes [36]. The above rationale can be extended to explain the voltammetric

results obtained for the other doped PPP films studied (Figure 2(a-c)).

The anion effect on film voltammetric behavior is not simply one of anion

size (Figure 2(c)), as was originally thought (28]. Morphological properties of

these polymer films are obviously dependent upon the doping mechanism duril-V,

electrodeposition. Studies on the kinetics and mechanisms of film growth in e

presence of different dopant anions will become possible with the developmen -t

quartz microbalance techniques combined with electrochemical methods. S,;

microgravimetric methods [37] should prove useful in accounting for the nuarncs

in polymer electrodepositions imparted by anions of varying nature (e.g., si.'e,

acidity, nucleophilicity, etc.), since electrochemical methods alone are :.t

useful for describing the kinetic and mechanistic aspects of all facets ot :he

electrodeposition process, which is extremely complicated. Fast tran,:
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spectroelectrochemical experiments might also provide some clues to this

question.

A proposed mechanism for the electrodeposition of poly(paraphenylene) is

outlined in Scheme 1.

(Scheme 1)

Anodic oxidation of neutral biphenyl is initiated electrochemically, and

subsequent radical-radical coupling reactions between monomer and oligomer

radicals result in film growth. A similar mechanism has been proposed to

describe the electrodeposition of poly(pyrrole) [381. The precise role which the

supporting electrolyte plays during electrodeposition is at this point unclear.

In an effort to more closely study the transport properties of the doped PPP

films, large potential step chronoamperometric experiments were carried out; the

results are shown in Figure 3. In both tetrafluoroborate- and perchlorate-doped

polymers there is a straightforward trend of greater measured overall flux with

increased cation size (Figure 3(a, b)). Again, these observations can be

explained in terms of a greater degree of porosity within the polymer matrix as

cation size is increased. As the film becomes charged (oxidized) during the

applied anodic pulse, anions are able to percolate faster through a more porous

matrix than through a more compact one. Therefore a polymer matrix which is

highly swollen (i.e., has a large mean pore size) can be electrochemically

converted more rapidly than a compact polymer. This phenomenon follows from

theoretical predictions; for example, see the current- and conversion-disa rce

profiles shown in ref. [17].

An interesting chronoamperometric result which is worthy of note is obtaired
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from a TOAP/PPP modified electrode (Figure 3(b)), where there is a pronounced

shoulder, followed by a decay of current with time. Similar chronoamperometry

has been observed previously in poly(vinylferrocene) [4] and other polymer

modified electrode systems. Such features were predicted theoretically in the

model previously outlined (Figure 4, ref. [17]). At short times the effects of

mass transport near the polymer/solution interface have not yet reached the

region inside the polymer matrix. At long times, when the bulk of the film has

been converted, the current decays exponentially (15].

Chronoamperometric results for polymers doped with various anions are shown

in Figure 3(c). Lithium hexafluoroarsenate/poly-(paraphenylene) gives rise to a

faster current decay than lithium tetrafluoroborate/PPP during an applied

potential step. This observation stands in contrast with what would be expected

if anion size were the primary criterion upon which the rate of ion diffusion

through the polymer was based. In this case the larger anion (AsF6 ") relates to

a higher 7 (diffuso-kinetic parameter) value than does the smaller moiety (BF4 "

)(see Figure 4(a), ref. (171). This result might possibly be explained in terms

of differences in the magnitude of the variable C (Figure 4(b), ref. [17V);

however, the voltammetric data (Figure 2(c)), which give comparable measures of

film electroactivity (meaning that concentrations of anion and PPP(+) within the

different polymer matrices are comparable), rule out this possibility. Obviousl';

there are morphological differences are established during pov: -

electrodeposition which are caused by differences in the nature of the support il5,

electrolyte anion. :nteractions such as ion pairing may play a substantial roe

in determining the film characteristics.

Lithium perchlorate/PPP polymers are for the most part electroinactive

(Figures 2(c), 3(c)); most of the measured current can be assigned :o
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capacitative charging. These results are similar to those obtained from

LiCIO4/PPP films prepared by electrodeposition from benzene in HF [31]. The

reasons for the observed differences in film characteristics from one Li+anion"

/PPP polymer to another are at this point unclear.

Experimental current vs. I/It plots for the above doped polyparaphenylene

electrodes are shown in Figure 4. The effects of slow mass transfer of ions

through the films are evident from the observed deviations from behavior which

would be expected for diffusion in a semi-infinite medium (i.e., "ideal"

behavior). Take, for example, the i-jt plot for TOAP/PPP polymer (Figure 4(b)).

Contributions of migration and slow diffusion through the film give rise to the

"hump" which is observed at intermediate times. This feature was predicted

theoretically by the model presented previously (Figure 5, ref. (17]).

Chronocoulometric plots for the nine films studied are shown in Figure 5.

Again, we see significant deviations from behavior which would be expected for

the "ideal" case of diffusion alone in a semi-infinite medium: charge vs. 1/It

plots are nonlinear in all but one case. The nearly linear Q vs. t experimental

behavior at short times approximates the theoretical predictions (Figure 6. ref.

[17]) for some of these films. Comparison between simulation and experiment is

especially good for the case of TOAP/PPP films (Figure 6), where the contribution

of capacitative current to the overall current is negligible.

Film Thickness Studies

The chronoamperometry and current vs. 1/jt behavior for TBAF/PPP films of

varying thickness are shown in Figure 7. The experimental results follow in a

straightforward manner what was theoretically predicted in ref. [17): IIIss

transport through che polymer layer is faster in thin films than in thick ones.

L
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Note the similarities between the model simulations (Figures 4(a) and 5(a) of

ref. [17]) and the experimental data (Figure 7). The diffuso-kinetic parameter I

would be expected to have a higher value in a thin film than in a thick layer,

assuming no change in the magnitude of the variable C. This is indeed the case

experimentally; concentrations of PPP(+) and dopant anion within the polymer

matrix do not vary appreciably with differences in film thickness (i.e., the

polymer films are quite homogeneous). Similar results were obtained from PPP

films of varying thickness electrodeposited in the presence of the other

supporting electrolytes utilized in this study.

4

Film Charge/Discharge Behavior

In an effort to examine the discharge characteristics of doped PPP-modified

electrodes a double potential step chronoamperogram was obtained from a very

thick (>Stm) TOAP/PPP film (Figure 8). Large plateau currents are observed at

short times during both the "on" pulse and "off" pulse. Film discharge is

extremely slow, as evidenced by the slow decay of current toward baseline

(following the current plateau at short times). The observed quasi-reversible

behavior is characteristic of many organic conducting polymer systems.

Inclusion of Double Layer Charging

and CaDacitative Currents in Simulated ChronoaMzerograms

High capacitances in conductive polymer systems have often been attril I

to the large surface areas of the polymers, which enable ion insertion [39:

has been suggested that these high capacitances are not simply due to (1,

layer charging, a quantity which is much smaller in magnitude [40]. Nonethk.:

the total capacitative current must make appreciable contribution to the o-.:11
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measured current. The effects of such capacitative currents on the simulated

transients such as those depicted in ref. [17], can be estimated in an

approximate way using a simple model. Interfaces in close contact with bulk

electrolyte will show a normal RC charging behavior indicated by idl in Figure 9.

We make the simplest possible assumption about the charging of the polymer

matrix, namely, that the capacitative current is constant with time. Figure

9(b) shows the overall current which would be measured if the illustrated

contributions due to charging and capacitative currents were added to the

Faradaic current component. Double layer charging currents should not vary

considerably from one doped polymer to another, but variations in conductive

polymer capacitance can be significant, depending on the dopant. Recall that

tetrafluoroborate/ PPP and hexafluoroarsenate/PPP polymers demonstrated

capacitative behavior, while perchlorate-doped PPP films did not exhibit

appreciable capacitative currents. Figure 9(b) shows the simulated current-time

transient for a 7 value of 10.0 and a C value of 0.5. By increasing the value of

-, simulated transients which approximated experimental TBAF/PPP

chronoamperometric behavior were obtained (Figures 10 and 11). Similarly, Ynp

and Durst [16] included double layer and capacitative contributions in their

model, and obtained good agreement between simulated and experimental current

transients for an inorganic conducting polymer film.

In this paper chronoamperometric results demonstrate the applicabilit.; of

the macroscopic transport model described previously [17]. Contributions of

diffusion, migration, double layer charging, and polymer capacitance have h .cn

considered in simulating experimental current-time profiles. Experimvr .il
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chronoamperometric results from doped PPP modified electrodes compare favorably

with simulated current transients. It is suggested that the basis of the

previously proposed model can be extended to apply to other conductive polymer

systems, special cases being developed from the general model

The experiments reported here show that it is not possible to derive full

descriptions of the system from the electrochemical experiments alone. The

combination of conventional electrochemical experiments with fast

spectroelectrochemical measurements would undoubtedly provide additional useful

information e.g. as to the nature and concentration of the incorporated ions. We

note that such information could also be derived by the combination of

electrochemical and quartz microbalance techniques (37).
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Do~an# moles of charge

perchiorate TOAP 2.6x10-9

electrolytes TPAP l.9xl0-9

TEAP 4.0xIO10

tetrafluoroborate TBAF 3.2x10-9

electrolytes TEAF 2.6xlO-9

TMAF 2.1x10-9

lithium LiAsF6  4.6x101 0o
electrolytes LiBF4  5.9Xl0-1 0

LiC1O4  1.4xl1010

Table 1. Moles of charge stored in 7mm x 1pm doped PPP films.
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Figure Legends

Figure 1. Cyclic voltammograms recorded at a Pt disk electrode in 5 mM biphenyl

solution with 10 mM supporting electrolyte (indicated) in CH3CN; sweep
rate is 25 mV/s.

Figure 2. Cyclic voltammograms recorded from approx. I micron thick
poly(paraphenylene) modified electrodes in 0.10 M supporting
electrolyte (indicated) in CH3CN; sweep rate is 100 mV/s.

Figure 3. Chronoamperograms recorded from approx. 1 micron thick doped PPP-
modified electrodes in 0.10 M supporting electrolyte (indicated) in
CH3CN. Potential step is 0 - +l.OV vs. Ag/Ag+ .

Figure 4. Cottrell plots from approx. 1 micron thick doped PPP electrodes.
Conditions same as in Figure 3.

Figure 5. Chronocoulometric plots from approx. I micron thick doped PPP films.
Conditions same as in Figure 3.

Figure 6. Charge vs. t"h plots: - simulation (I - 10.0, C - 0.7 (see ref.
[17] for explanation of parameters)); * experimental data from approx.
1 micron thick TOAP/PPP film.

Figure 7. (a) Chronoamperometric and (b) current vs. t-4 data from TBAF/PPP
films of varying thickness: -- 1.4 micron; - 1 micron; ---- 0.5
micron. Experimental parameters same as in Figure 3.

Figure 8. Double potential step chronocoulometry of very thick (approx. 10
microns) TOAP/PPP film; potential step 0 - +1.0 V vs. Ag/Ag+ of 500 ms
duration. Other parameters same as in Figure 3.

Figure 9. Illustration of (a) contributions of charging (idl) and capacitative
(ic) currents to the overall "measured" current in a simulated
chronoamperogram. Simulated Faradaic current (if) is predicted
theoretically using 7 - 10, C - 0.5. (b) The sum of the contributions
in (a).

Figure 10. Simulated current transient (-) vs. experimental i-t plot (-) For
the simulation we have used i - 100, C - 0.5, ic - 1, and
idl - exp[-l/tj (dimensionless)). Other parameters same as in Figure3.

Figure 11. Simulated (x) i vs. t-4 (dimensionless) plot vs. experimental (o) i
vs. t"4 data. Parameters same as in Figure 10.
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